A novel immunohybridization assay was used to analyse the virion capsid proteins and nucleic acids of various barley yellow dwarf luteoviruses from singly and doubly infected plants. Plants singly infected with New York MAV or RPV contained only viruses indistinguishable from the parental types, but plants doubly infected with these viruses contained transcapsidated virions (MAV RNA in RPV protein capsids). The presence of transcapsidated virions was positively correlated with altered aphid transmission characteristics of MAV from the same plants. Virions with phenotypically mixed capsids (chimeric capsids containing subunits from both co-infecting viruses) were not detected in these plants using heterologous and homologous ELISAs. Transcapsidated virions were detected in mixed infections of California and New York MAV and RPV isolates and, more epidemiologically significantly, in natural doubly infected field plants. In addition, evidence for two-way transcapsidation was obtained using immunohybridization and aphid transmission studies from mixed infections of New York RPV and PAV isolates.
Introduction
The barley yellow dwarf luteoviruses BYDV cause important economic losses in cereals world-wide (Burnett, 1984) . These low titre, phloem-limited viruses, for the most part, exhibit extreme virus and aphid vector specificity (Rochow, 1969; Johnson & Rochow, 1972) , which is thought to be partly determined by recognition between the virion capsid and specific receptors in the aphid gut and salivary glands (Gildow, 1987) . The five best characterized of these viruses were named originally on the basis of their aphid transmission specificity. RPV is transmitted by Rhopalosiphum padi L., MAV by Sitobion (formerly Macrosiphum) avenae F., SGV by Schizaphus graminum Rond. and RMV by R. maidis Fitch. The fifth virus in this group, PAV, exhibits a broader vector range and is readily transmitted by S. avenae, R. padi and S. graminum (Rochow, 1969; Johnson & Rochow, 1972) . These five viruses can also be separated on the basis of their serological and nucleic acid properties (Waterhouse et al., 1986; Gildow et al., 1983; Rochow & Carmichael, 1979; Hsu et al., 1984) .
Mixed infections of these viruses are common in field plants (Rochow, 1979) and can cause a synergistic increase in symptom severity in the infected host plant (Baltenberger et al., 1987) . Another possible result of these mixed infections is an apparent broadening of aphid vector specificity, which was first observed by Rochow (1970) in mixed infections of laboratory New York (NY) cultures of RPV and MAV. NY-MAV was efficiently transmitted by R. padi from plants infected by both NY-RPV and NY-MAV, but not from plants infected only with NY-MAV.
Rochow proposed two mechanisms to explain the altered aphid vector specificity: transcapsidation and phenotypic mixing (Rochow, 1970 (Rochow, , 1977 . Transcapsidation denotes the encapsidation of the genomic RNA of one virus within a capsid composed of protein subunits from the other virus. Phenotypic mixing denotes viral RNA encapsidation by a virion capsid composed of protein subunits from both co-infecting viruses. Experiments in which specific antisera were used to block aphid transmission from double infections of NY-MAV and NY-RPV supported the theory of transcapsidation and provided evidence discounting phenotypic mixing (Rochow & Muller, 1975; Rochow, 1982) . However, recent data suggest that phenotypic mixing occurs in some mixed infections of other barley yellow dwarf luteoviruses, such as PAV and MAV (Hu et al., 1988) .
The previous evidence suggesting that transcapsidated virions occurred in doubly infected plants is somewhat indirect and is limited to laboratory virus isolates in a single species of plant. We report here the detection of transcapsidated virions by use of an immunohybridization assay which analyses both the virion nucleic acid and the protein capsid. Our work shows that transcapsidation is a general phenomenon, occurring in several 0000-9079 © 1990 SGM plant species, with several different barley yellow dwarf luteoviruses. More importantly, by using the immunohybridization assay, we were able to detect transcapsidated virions in naturally infected field plants. This provides strong evidence that transcapsidation occurs readily in the field and may play an important role in the ecology of barley yellow dwarf luteoviruses.
Methods
Virus and vector manipulation. NY isolates of MAV, PAV and RPV, their antisera and NY aphid clones of R. padi and S. avenae were as described by Creamer & Falk (1989) . The California (CA) isolates, CA-RPV-4 and CA-MAV-4, were isolated from oats (Avenafatua L.) and goat grass [Aegilops juvenalis (Thell.) Eig.], respectively. All aphid colonies were maintained and aphid transmissions performed as described by Creamer & Falk (1989) using A. sativa L. California Red oats.
Monoclonal antibodies (MAbs) made against NY-RPV (RPV-I), NY-MAV (MAV-1) and NY-PAV (MAV-3) (Hsu et al., 1984) were gifts of Dr H. T. Hsu (USDA, Beltsville, Md., U.S.A.). Recombinant eDNA clones to NY-RPV (pRPV29) and NY-MAV (pMAV 14+) (Barbara et al., 1987) were obtained from Dr Richard Lister (Purdue University, Lafayette, Ind., U.S.A.). A recombinant eDNA clone made to an Australian isolate ofPAV (pPA8) (Miller et al., 1988) was obtained from Dr W. L. Gerlach (CSIRO, Canberra, Australia).
Serological analysis.
Infections were analysed by double antibody sandwich (DAS) ELISA as before (Creamer & Falk, 1989) . Immulon II plates (Dynatech) were coated with Protein A-purified IgG at 2.5 ~tg/ml, or with ascites fluid containing MAbs at 1/2500 dilution for MAV-1 and MAV-3, or 1/5000 dilution for RPV-1. Plates were blocked with PBST (0.02 M-sodium phosphate pH7.2, 0.05% Tween-20) containing 2% bovine serum albumin. Polyclonal IgGs conjugated with alkaline phosphatase (Sigma) were added at 0.6 mg/ml for colour development. Results were assessed spectrophotometrically at 405 nm with either a Titertek Multiskan MC (Flow Laboratories) or a V-MAX (Molecular Devices) ELISA plate reader.
Sap was extracted from plant samples (1.0 g) with a sap expressor (Pidemont Tool and Die) diluted in 0.05 M-sodium phosphate buffer pH 7.0 (1:4, w/v) and clarified with chloroform (1:1, v/v). Paired replicated samples (200 ml) were placed in antibody-coated wells. After an overnight incubation at 4 °C, the plates were washed four times with PBST. MAb-trapped antigens were analysed by adding alkaline phosphatase-conjugated antibodies and substrate as previously described (Creamer & Falk, 1989) .
Immunohybridization analysis. Immunohybridizations were done by coating microtitre plates with MAbs, preparing samples and washing plates as in ELISAs. Nucleic acid hybridization analysis of MAbtrapped samples was done by adding 200 p.l of 1 x sodium/potassium phosphate buffer (5 x buffer is 0-06 r~-Na2HPO4, 0.04 M-KH2PO4, pH 7.0, 0.1 M disodium/EDTA) to each microtitre well. Plates were then heated at 80 °C for 3 min and immediately cooled on ice. The samples (200 ~tl) were removed from wells and applied to 0-45 ~tm nitrocellulose membranes (Schleicher and Schuell) presoaked in 20 x SSC (i.e. 0-3 M-trisodium citrate, 3"0 M-sodium chloride), using a BioDot apparatus (Bio-Rad). Blots were baked for 1 to 2 h at 80 °C and subjected to hybridization analysis with 3zp-labelled recombinant DNA probes (pRPV29, pPA8, or pMAV14+).
Caesium chloride gradient-purified plasmids were labelled with [~-3zPldCTP using a nick translation kit (Amersham). Prehybridizations, hybridizations, washes and autoradiography were done as before (Creamer & Falk, 1989) .
The quality of the RNA recovered from immunologically trapped virions was determined by denaturing agarose gel electrophoresis and Northern blot hybridization with 32p-labelled pRPV29. The RNA solution removed from eight microtitre plate wells was combined and extracted twice with phenol :chloroform (2 : 1). The RNA was ethanolprecipitated, resuspended in sterile distilled water and glyoxylated (McMaster & Carmichael, 1977) . The RNA was analysed by electrophoresis for 1.5 h at 100 V in a 10cm x 6.5 cm x 3 mm 1% agarose gel, using a mini-gel apparatus (Bio-Rad). The RNA size ladder (Bethesda Research Laboratories) used as a standard was stained with toluidine blue. Nucleic acids in sample lanes were transferred by capillary blotting overnight to Nytran membranes (Schleicher and Schuell) in 20 x SSC and analysed by Northern hybridization. Prehybridizations, hybridizations and washes were done as described by Creamer & Falk (1989) .
Results

Aphid transm&sion
NY-MAV was efficiently transmitted by R. padi from plants doubly infected with NY-MAV and NY-RPV, but not from plants singly infected with NY-MAV (Table 1) . Plants infected singly with NY-MAV were sources for efficient transmission by S. avenae, whereas plants infected with NY-RPV were sources for efficient transmission by R. padi. No transmission of NY-RPV by S. avenae was obtained from singly infected plants, or those infected with NY-RPV and NY-MAV.
Mixed and single infections of NY isolates of RPV and PAV were also analysed by aphid transmission to determine whether an alteration in aphid vector specificity was detectable from these doubly infected plants. NY-RPV and NY-PAV were transmitted together by S. avenae from greenhouse mixed infections, with a 13% efficiency ( Table 2) . NY-PAV was transmitted alone to 53 % of the plants, S. avenae did not transmit NY-RPV from plants infected only with NY-RPV.
Serological analysis
Plants singly and doubly infected with NY-MAV and NY-RPV, or with NY-PAV and NY-RPV were analysed by DAS ELISA in which MAbs were used to trap the virions and enzyme-linked rabbit polyclonal antibodies were used as detecting antibodies. Only the homologous antibody combinations for a given barley yellow dwarf virus serotype gave positive reactions, providing evidence that virion capsids from the doubly infected plants were not phenotypically mixed (Tables 3  and 5 ). Spectrophotometric intensities of reactions for singly and doubly infected plants were similar.
Immunohybridization was used to analyse the composition of virus particles in single and mixed infections of Table 1 . t MAb ascites fluids were used to coat plates at 1:2500 (MAV-1) or 1:5000 (RPV-1). Alkaline phosphatase-conjugated Protein A-purified rabbit polyclonal immunoglobulins were used to detect antibodies at 2.0 lxg/ml.
:~ Mean absorbance at 405 nm for duplicate wells from all plants tested, with a possible absorbance range of 0.00 to 2.00.
NY-RPV and NY-MAV (Fig. 1) . The MAV-specific and RPV-specific cDNA probes gave positive reactions for samples trapped by the homologous MAbs either from plants infected singly with the homologous viruses, or from plants infected with both viruses. In addition, the MAV-specific probe reacted positively with samples from doubly infected plants which were trapped with the RPV-specific MAb. The converse reaction, RPVspecific probe analysis of MAV-specific MAb-trapped samples from the doubly infected plants, was negative. Results obtained using mixtures of sap from plants singly infected with NY-MAV and NY-RPV were identical to those obtained when testing only singly infected plants.
These results suggest that doubly infected plants contain, in addition to progeny virions of composition identical to the parental viruses, one-way transcapsidated virions consisting of NY-MAV RNA in NY-RPV capsids. No evidence was obtained for virions composed of NY-RPV RNA in a NY-MAV capsid. Altered transmissibility of NY-MAV by both S. avenae and R. padi was always obtained only from plants which yielded positive immunohybridization reactions for the presence of transcapsidated virions.
When we evaluated the quality of the viral RNA recovered from immunologically trapped RPV virions by gel electrophoresis and Northern blot hybridization, RNA of approximately 6 kb was recovered (Fig. 2) . This suggested that the RNA was not significantly degraded into fragments smaller than the full length during the virion disruption phase of the immunohybridization assay.
To evaluate possible effects of plant species and/or virus isolate on transcapsidation interactions, experiments were done using combinations of NY and CA MAV and RPV isolates in oats and barley (Hordeum vulgare Kombar). We isolated transcapsidated virions from doubly infected oats by using the immunohybridization assay and both CA-MAV and NY-MAV were transmitted by R. padi from the doubly infected plants, which were positive for transcapsidated virions by immunohybridization. These results were identical whether the doubly infected plants contained CA-RPV or NY-RPV (Table 4) . Similar results were obtained using barley (data not shown).
An alteration in transmissibility of NY-RPV by S. avenae was noted from mixed infections of NY-RPV and NY-PAV, so we also attempted to use the immunohybridization assay to analyse plants doubly infected with these two viruses for the presence of transcapsidated virions. In contrast to the results predicted by aphid transmission data, no positive immunohybridization reactions for NY-RPV RNA were obtained from mixed infections of NY-RPV and NY-PAV using MAV-3 t MAb ascites fluids used to coat microtitre plates and trap antigens at 1:2500 (M; MAV-1) or 1:5000 (R; RPV-I). Samples trapped with the corresponding monoclonal antibody were then probed using the cDNA clone shown. A + indicates the sample was positive for the MAb/cDNA clone combination given and a -indicates it was negative.
:~ Each doubly infected plant from transmissions in A was used as a source for a confirmatory transmission (B) using the aphid species shown in A to at least four plants. These plants were checked by ELISA and the ratios show the plants that contained the same viruses as in A. t MAb ascites fluids were used to coat plates and trap antigens, at dilutions of 1:2500 (P; PAV) or 1:5000 (R; RPV). Recombinant cDNA clones pPA8 for PAV or pRPV for RPV were labelled with [32p]dCTP by nick translation and used as probes to analyse antibody-trapped samples.
:~ Coating antibodies were the MAbs used in immunohybridization analysis. Detecting antibodies were alkaline phosphataseconjugated, Protein A-purified rabbit polyclonal immunoglobulins at 2-0 mg/ml. Mean absorbance at 405 nm of duplicate wells with a possible absorbance range of 0-00 to 2.00 is shown.
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MAb (which reacts to PAV) and pRPV29. However, the pPA8 cDNA clone hybridized with NY-PAV RNA recovered from RPV-1 MAb-trapped virions (Table 5) 
Field isolate analysis
Immunohybridization was used to look for transcapsidated virions in field plants found to be naturally infected with isolates of MAV and RPV, or PAV and RPV. We obtained positive reactions for MAV-RPV interactions, similar to those described earlier, from two doubly infected field plants, one an oat plant and one a barley plant. Transcapsidated virions were also detected in naturally occurring mixed infections of PAV and RPV Monoclonal antibody ascites fluids were used to coat microtitre plates at 1:5000 (RPV-1, which reacts with RPV) or 1:2500 (MAV-3, which reacts with PAV). Recombinant cDNA clones (pPA8 and pRPV29) were 32p-labelled and used for hybridization analysis. Control plants were greenhouse-grown oats infected with NY isolates of PAV or RPV, or non-inoculated ('check') oats.
from field-collected samples of A. sativa, Ae. ovata and Ae. cylindrica (Fig. 3) . Again, only signals for PAV RNA in RPV capsids were obtained.
Discussion
Several previous studies have suggested that structural interactions between plant viruses can affect the aphid transmissibility of progeny virions from mixed infections (Rochow, 1970; Falk et al., 1979 , Waterhouse & Murant, 1983 . The data presented here suggest that immunohybridization provides a means for detecting heterologously encapsidated RNAs in doubly infected plants.
Our results demonstrated that one-way transcapsidation occurred in mixed infections of MAV and RPV isolates in both greenhouse and field plants. Only MAV RNA was found in the heterologous coat protein by immunohybridization, and doubly infected plants that showed alterations in aphid vector specificity were always found to contain transcapsidated virions by immunohybridization analyses. Similar interpretations as to one-way transcapsidation were made by Rochow (1970) in his analysis of laboratory mixed infections.
We found evidence suggesting two-way transcapsidation in mixed infections by PAV and RPV. S. avenae transmitted NY-RPV (most likely as virions composed of NY-RPV RNA and NY-PAV capsid protein) from mixed infections of NY-RPV and NY-PAV. NY-RPV was not transmitted by S. avenae from singly infected plants. This is the first report of altered transmission specificity for NY-RPV with S. avenae. The efficiency of this transmission was only 13%, much lower than the altered transmission efficiency for NY-MAV from mixed infections of NY-MAV plus NY-RPV.
Failure to detect (by immunohybridization) the PAV-RPV transcapsidated virions predicted by the altered aphid transmission results might be explained by the low titre of these transcapsidated virions in the doubly infected plant. The low transmission efficiency suggests that the transcapsidation event may be rare. An alternative explanation for the failure to detect RPV RNA transcapsidated in PAV capsids by immunohybridization could be the instability of NY-RPV RNA within a NY-PAV capsid and virions may not survive the extraction and detection methods used in the immunohybridization assay. Immunohybridization analysis of the RPV-PAV mixed infections suggested that transcapsidated virions of PAV RNA and RPV capsid were present. However, we were unable to confirm the presence of such particles by aphid transmission because NY-RPV and NY-PAV are both efficiently transmitted by R. padi and evidence for structural interactions between these BYDV types would not be easily detected by a qualitative breakdown in aphid vector specificity.
We found no evidence suggesting that phenotypic mixing occurred between MAV and RPV, or PAV and RPV in mixed infections. This is consistent with earlier results of serological blocking experiments (Rochow & Muller, 1975) . However, recent work has suggested that phenotypic mixing can occur between NY-MAV and NY-PAV viruses in mixed infections (Hu et al., 1988) , These authors speculated that phenotypic mixing probably occurs among closely related viruses. MAV and PAV are in the same taxonomic subgroup and RPV is in a distinct subgroup.
All of the pioneering work suggesting transcapsidation of MAV and RPV was done with the NY laboratory isolates and all experiments were performed in controlled conditions using Coast Black oats (Rochow & Muller, 1975) . Our work shows that transcapsidation also occurs in other hosts and with other BYDV isolates. Also, by using immunohybridization analysis, we were able to establish for the first time that transcapsidation occurs in natural mixed infections, which are often reported (Rochow, 1979) . Although this is not surprising, it has important epidemiological significance, because it shows that transcapsidation can expand the vector range of a given luteovirus.
